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Abstract
Purpose Built in 1941, the Progreso Pier was the first con-
crete structure in the world built with nickel-containing stain-
less steel reinforcement. The Pier has been in service for over
70 years without any significant repair or maintenance activ-
ities. The aim of this study was to understand the environmen-
tal and economic implications of selecting nickel-containing
stainless steel reinforcement using the Progreso Pier as the
case study.
Methods A combined environmental life cycle assessment
(LCA) and life cycle costing (LCC) study was conducted.
The analysis considered the potential environmental impacts
and the net present cost of the stainless steel reinforced struc-
ture from cradle to grave and compared it to the same structure
using conventional carbon steel.
Results and discussion The results indicated that while using
stainless steel reinforcement resulted in a marginally higher
environmental impact after initial construction, this is offset
by the increased service life and, hence, less frequent mainte-
nance and reconstruction activities. Relative to the as-built
stainless steel reinforcement design, the environmental im-
pacts of the carbon steel reinforced design are between 69
and 79% higher over the analysis period. Similar observations
were made for the other investigated impact categories. The
cost implications of using stainless steel reinforcement show
economic benefits that are complementary to the environmen-
tal benefits. Similar to the LCA, the service life benefits out-
weigh the higher unit costs for stainless steel, assuming a
discount rate of 0.01 % as the baseline scenario. The carbon
steel reinforced design has a net present cost that is 44 %
higher than the as-built stainless steel reinforcement design.
The crossover point for the two designs occurs at year 50,
which corresponds to the reconstruction activity. A sensitivity
analysis shows that the results and conclusions are sensitive to
the choice in discount rate: Rates 3 % and lower produce net
present costs that are lower for the as-built design; rates 4 %
and higher produce net present costs that are lower for the
alternative design.
Conclusions The study demonstrates how LCA and LCC are
complementary tools that can be used in decision-making for
sustainable construction. The Progreso Pier exemplifies the
importance of considering the entire life cycle with service
life and recycling as well as long-term life cycle impacts of
infrastructure projects from an environmental and economic
perspective.
Keywords LCA . LCC . Life cycle assessment . Life cycle
costing . Life cycle thinking . Sustainable construction .
1 Introduction
While the life cycle assessment (LCA) of stainless steel and
the life cycle cost (LCC) implications of its application have
been investigated in the past (ISSF 2013; Norgate et al. 2007;
SASSDA 2012; Val and Stewart 2003), a side-by-side appli-
cation of both LCA and LCC based on the same, comparative
case studies using consistent assumptions has been scarce so
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Stainless steel
far. At the same time, environmental and cost considerations
are important decision and performance criteria in the building
and construction industry (NIST 2011; PNNL 2009; Todd and
Fowler 2010). The study at hand therefore sets out to provide a
combined comparative assessment using life cycle assessment
and life cycle costing for the application of stainless steel as
structural reinforcements in a marine environment to demon-
strate the value of stainless steel products from an environ-
mental as well as from a cost perspective. This study may then
serve as a reference for future assessments of this kind and
further support the communication of the benefits of nickel-
containing stainless steel to third parties.
2 Scope of the study
The Progreso Pier is a saltwater pier located in Yucatan,
Mexico. It consists of two segments: the original pier, which
is 2.1 km in length and was built in 1941, and a roughly
4.4 km additional segment, which was built in the 1980s.
Together, the construction stretches roughly 6.5 km from the
shore and is the longest pier in the world. The subject of this
analysis is the original 2.1-km pier, excluding the later addi-
tion. The addition is excluded due to lack of construction and
inspection data (referenced reports are specific to the original
span), as well as to simplify the analysis to a single construc-
tion project.
The initial scope of the study was a comparison of the
Progreso Pier against a neighbouring pier. The unnamed
neighbouring pier was constructed in 1969 and used carbon
steel reinforcement; conversely, the Progreso Pier was initially
completed in 1941 and extended in 1988, built with stainless
steel reinforcements (18–8 Cr-Ni SAE 304). The carbon steel
pier has since collapsed due to saltwater erosion, with only the
piles remaining, while the Progreso Pier has remained func-
tional (Fig. 1).
Saltwater erosion (exacerbated by humid climate and as
well as wave and tidal action) is the most important factor in
determining the life of these concrete-and-steel piers. The ef-
fectively identical environmental conditions (same high heat
and humidity, seasonal hurricane-force winds, wave and tidal
patterns and corresponding saltwater exposure) presented the
rare opportunity to compare differing structures under
matching environmental stresses. Both structures had under-
gone an equivalent maintenance schedule.
Yet, despite the compelling similarity in use-phase condi-
tions, the Progreso Pier and the neighbouring pier were found
to be non-comparable for the purposes of this study.
Differences in function and size, as well as dissimilarities in
other aspects of the pier designs, meant that functional equiv-
alence between the two piers could not be ascertained.
For this reason, this study compares the Progreso Pier, con-
structed with stainless steel rebar, against an alternate,
hypothetical carbon steel case study: a pier with size and func-
tion equivalent to the Progreso Pier built with carbon steel
rather than stainless steel rebar. Within this report, the pier
built with stainless steel rebar is referred to as the Bas-built
design^; the alternative with carbon steel rebar is referred to as
the Balternative design.^
2.1 Functional unit and reference flows
Ideally, the functional unit would describe the function of the
pier, such as its ability to move goods, using a metric
expressed as magnitude, unit, duration and level of quality
(Cooper 2003; Koffler et al. 2014). However, given that the
functions provided by the pier do not easily lend themselves to
such a simplistic approach, the function of the Progreso Pier is
determined by its intended use as defined by the designers.
The original 2-km pier finalized in 1941 was designed to
accommodate two railway lines and one roadway running
parallel across the full length of the pier. The pier design
supports live loads associated with the operation of two 85-t,
1.5 m wide trains, as well as 39-t, 1.5 m wide, 3-axle trucks
along the length of the pier. The pier platform was designed to
support a continuous distributed load of 4 t/m2. The piles were
designed for a total allowable stress of 15 kg/cm2.
The pier is composed of 175 12-m spans with massive
columns and arches. The structure is concrete throughout,
with steel reinforcements in structural locations under tensile
or mixed load. The total volume of concrete used is 72,
500 m3, with a mass of reinforcing steel of 220 t. The func-
tional performance of carbon steel and stainless steel rebar is
equivalent in the chosen application, with the exception of
corrosion resistance. Because the structural properties are
equivalent, the material content of the two piers is the same
(i.e. equal amounts of steel and concrete), with the only dif-
ference being the type of steel used (stainless or carbon steel).
Over the life cycle, the differences in corrosion resistance lead
to more frequent maintenance and reconstruction for the alter-
native design.
In summary, even though there is no clear-cut quantified
functional unit as such, the above approach ensured that the
two pier designs were functionally equivalent and therefore
fully comparable. In addition, the duration of the functional
unit was chosen to be 79 years. This period is chosen to cap-
ture both the past performance (beginning in 1941) and the
expected performance into the near future (through 2020). The
analysis period does not correspond to expected service lives
of the alternative or as-built design; rather, it is an arbitrary
period that is chosen for communication purposes. The arbi-
trariness of the analysis period does not have a significant
impact on the results due to the consideration of remaining
service at the end of the analysis period. Both the LCA and
LCC offer a credit at the end of life for this remaining service
life, as explained in the respective sections.
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2.2 Service life and maintenance
For the purposes of LCA, the maintenance schedule de-
fines the materials and activity required over the lifetime
of the pier and can be a substantial contribution to the
inventory of the structure. The expected service life and
the maintenance requirements of designs are based on
analysis conducted by CTL Group (CTL 2013) and
displayed in Table 1. The service life follows the defini-
tion per US Navy’s engineering command (NAVFAC), as
the number of years before major restoration is neces-
sary, given minimal maintenance to the structure during
its life. Major restoration is further defined as Bextensive
areas that require extensive repairs using a jack hammer
or other destructive means to prepare the concrete for
rehabilitation^ (US Navy 2012).
The maintenance schedule is based on the time for
corrosion initiation and propagation of the steel. Over
time, chloride ions diffuse through the concrete cover
(in accordance with Fick’s second law of diffusion) to
the depth of the reinforcing steel. Once a critical concen-
tration is reached, corrosion initiates and continues to
propagate until repairs are required. Time to initiation
and propagation is modelled using the Life-365 software
(www.life-365.org). More details, including input
variables, are reported in the engineering report (CTL
2013), which is available upon request from the authors
of this study. For the alternative design, repairs are first
required at year 10; for the as-built design, repairs are
first required at year 44.1
2.3 System boundaries
The system under study includes thematerials, themaintenance
over the life cycle, the transport of materials and the end of life
of the pier. The system boundaries were selected in order to
enable the effective comparison of the two designs (Fig. 2). The
power consumption to operate the pier (i.e. street lighting) was
excluded as it was deemed to be of little relevance and because
there was no reliable data available. Due to the same reasons,
temporary construction materials and processes were excluded
from the system boundary. Construction-related impacts will
differ between the two designs in the case of reconstruction,
which will be shown to occur during the analysis period for the
alternative design, but not for the as-built design. Reliable esti-
mates for economic and environmental impacts are difficult to
ascertain for construction and are thus excluded from the base-
line analysis. However, due to their potential influence on the
results and conclusions, sensitivity analyses are performed for
construction impacts.
2.4 Allocation
Co-product allocation was not relevant, as co-products do not
occur in pier construction. End-of-life (EOL) allocation is
Fig. 1 Progreso Pier (right) and a
neighboring pier (left) that
collapsed
Table 1 Times to corrosion initiation, and propagation and
reconstruction
Activity description Activity year
Alternative design As-built design
Initial construction 0 (1941) 0 (1941)
Maintenance #1 10 (1951) 44 (1985)
Maintenance #2 25 (1966) 59 (2000)
Maintenance #3 40 (1981) 74 (2015)
Reconstruction 50 (1991) –
Maintenance #1 60 (2001) –
Maintenance #2 75 (2016) –
End of analysis period 79 (2020) 79 (2020)
1 Note that the modelledmaintenance schedule is different than that of the
actual maintenance schedule for the in situ Progreso Pier, which has not
undergone any major maintenance since its construction. This difference
can be attributed to the use of conservative values in this study. The
engineering report listed a possible higher threshold of resistance to cor-
rosion for stainless steel; if this value was selected, the first maintenance
would occur in year 91.
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used to account for recycling of steel scrap at the end of life.
The Bvalue of scrap^ approach is applied, which is essentially
an avoided burden/EOL recycling allocation method that has
been endorsed by the metals industry (Atherton et al. 2007).
At the end of the analysis period, both the as-built and alter-
native designs have remaining structural service life. For both
the LCC and LCA, this service life is credited back to the
system in proportion to the service life remaining divided by
the total service life.
3 Life cycle inventory analysis
The primary sources of data are a detailed inspection of the
Pier conducted in 1998 (Arminox 1999) and a more recent
inspection of the Pier conducted in 2006 and 2010 (Torres-
Acosta et al. 2006). These are engineering reports and/or peer-
reviewed papers and are considered to be of high quality. Data
on the alternative design replicate the material quantities of the
as-built design.
National and regional averages for fuel inputs and electric-
ity grid mixes as well as for other processes such as cement
and steel were obtained from the GaBi 6 database issued in
2012 (GaBi 2013). All rebar is assumed to be manufactured in
Europe and shipped to Progreso for use in the Pier. Cement is
known to be shipped to Progreso from Denmark (76 %) and
transported from undisclosed locations in the USA and
Mexico (24 %); the Mexico/US cement was assumed to be
transported 2000 km via rail. Local concrete production is
assumed to occur 30 km away from the site, with fine and
coarse aggregates available onsite.
The LCI and LCIA results indicate that transportation is
small compared to other sources of impact in the Progreso
Pier life cycle. The assumed distances and modes are consid-
ered reasonable approximations. Variation in the modes and
distances is expected to have a negligible impact on the con-
clusions of this study.
3.1 Modelling
The life cycle of the Progreso Pier comprises four life cycle
stages, including raw materials production, construction,
maintenance and end-of-life (Fig. 3)
& Raw materials production: This life cycle stage comprises
the impacts from raw materials of the structural elements
of the Pier, such as concrete and steel reinforcement.
& Construction: This stage comprises the impacts from con-
structing the Pier. No data were available on the construc-
tion methods and/or energy used during construction. For
this reason, construction was not included in the baseline
analysis. A sensitivity analysis was performed for a range
of possible construction stage impacts.
& Maintenance: This life cycle stage comprises the impacts
associated with the scheduled maintenance and repairs of
the Pier. Although it is documented that Bthere has been a
complete lack of routine maintenance activities^ on the
Progreso Pier and that Bthe pier has not undergone any
major repair work^ (Arminox 1999), the analysis con-
siders a maintenance schedule as per US Navy specifica-
tions (US Navy 2012).
& End-of-life: This life cycle stage comprises the impacts
associated with disposal of the concrete and recycling of
the steel reinforcement. Steel recycling uses the value of
scrap allocation approach and assumes a 90 % recovery
rate.
No estimate is provided in the engineer’s report for the
material required for repairs; in this study, it is assumed that
50 % of the steel and concrete will need to be removed and
replaced within the affected area (e.g. for maintenance #1,
50 % of the steel and concrete will be removed and replaced
over 10 % of the Pier). This includes both the production of
the replacement materials, their transportation to the construc-
tion site and the disposal or recycling of the replaced mate-
rials. At 40 years past initiation and propagation, the corrosion
Fig. 2 Maintenance schedule
used in analysis (CTL 2013)
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is considered to be too severe for simple repairs. In this case, a
complete rebuild (i.e. reconstruction) is required.
4 Life cycle impact assessment
Four impact categories have been selected for this assessment,
using the CML 2001 (November 2010) as the characterization
methodology: acidification potential (AP), eutrophication po-
tential (EP), global warming potential (GWP) and the photo-
chemical oxidant creation potential (POCP). These impact
categories are commonly reported in LCAs and are part of
the categories recommended by the metals industry
(thinkstep 2014). Other impact categories are not reported as
not relevant for these investigations or not seen as being robust
enough.
The LCIA impacts from the as-built and alternative designs
are compared in the figure below. The alternative design has a
higher total impact in all categories, ranging from 69% higher
for eutrophication potential to 79 % higher for the summer
smog potential (Fig. 4). Given the long analysis period, it is
useful to compare the results using a time series plot. This
perspective provides insight into the timing of impacts, as well
as the activities that influence the overall results. Figure 5
shows the time series impacts for the designs using global
warming potential (other impact categories would follow a
similar pattern). Note that the difference between the as-is
and the alternative design is only around 3 % after initial
construction, as the cradle-to-gate GWP of both designs is
heavily dominated by the concrete (no less than 93 % across
the four impact categories for the as-built scenario, no less
than 98 % for the alternative scenario), so the higher initial
burden of the stainless steel only leads to a marginal increase
in burden for the entire pier. This small difference in impact
during initial construction is made up for by the early mainte-
nance (year 10) required on the alternative design and con-
tinues to widen due to subsequent maintenance activities. The
spike at year 50 is due to reconstruction; this activity is the
largest contributor of the difference in impact between the two
designs.
At the end of the analysis period, the as-built design has a
non-negative impact due to the landfilling burden of the ma-
terials. Although not directly seen on the plot, this impact is
offset by both recycling of the stainless steel rebar (at a recov-
ery rate of 90 %) and a credit allotted to the system based on
the remaining service life of the as-built design (5 years out of
the 84-year expected service life). Conversely, the alternative
design has a credit, caused primarily by the long remaining
service life of the alternative design reconstruction (21 years
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Fig. 3 Life cycle stages of
Progreso Pier
Fig. 4 Comparison of environmental impacts over the analysis period
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The as-built design outperforms the alternative design
due to two major factors: the durability benefits of stain-
less steel rebar and the dominance of impacts from con-
crete rather than rebar.
5 Life cycle costing
Life cycle costing (LCC) is Bused for predicting and assessing
the cost performance of constructed assets^ (ISO 15686–
5:2008). Similar to its environmental counterpart (LCA),
LCC considers the life cycle of a product to determine its
economic impact. This typically includes initial construction,
maintenance, operation and end-of-life. For the study at hand,
cost information was provided by the Life-365 software (ver-
sion 2.1.1) which was also used to establish the maintenance
schedules and converted to 1941 dollar values using data from
the United States Department of Labor Consumer Price Index
(http://www.bls.gov/cpi/). Table 2 shows the cost data used in
the analyses.
The fundamental relationship used to calculate total NPC is





1 ¼ ið Þn
where NPC is the total net present cost of the Progreso Pier, C
are the costs incurred in year n, in 1941 dollars, N is the
analysis period, n is the year in which cost occurred and i is
the real discount rate.
The discount rate is a key variable in the calculation of
NPC. This rate reflects the time value of money. It is used to
evaluate future costs in relation to present costs, accounting
for the prevailing interest rate and (indirectly) the inflation
rate. The discount rate is variable across time. In the USA,
the White House Office of Management and Budget suggests
a discount rate to be used for a given year; similar rates are
established in other countries. Typical rates used by public
agencies for long-term investments are between 1 and 8 %,
with extremes ranging from 0 to nearly 14 %. The Society of
Environmental Toxicology and Chemistry (SETAC) recom-
mends a 0.01 % discount rate for long-term investments.
A higher discount rate means it has the effect of decreasing
the NPC of future activities. This is due to the fact that interest
has had time to accrue before being spent on the future invest-
ment. For civil engineering projects, future maintenance and
reconstruction are highly affected by the discount rates, par-
ticularly those that occur decades in the future.
As shown in Fig. 6, the NPC of the as-built design ($520 k)
is nearly 30 % less than that of the alternative design ($730 k)
when using a discount rate of 0.01%. The use of stainless steel
rebar in the as-built design allows for a longer service life and
less maintenance over the analysis period, allowing the as-
built design to make up for the upfront investment (the as-
built design has a 20 % higher cost than the alternative de-
sign). Given the low discount rate, the future costs (i.e. main-
tenance and reconstruction) have a significant influence on the
results.
The LCC analysis shows that the as-built design provides a
lower NPC when using the SETAC suggested discount rate of
0.01 %. The key activity in the life cycle is the reconstruction
of the alternative design at year 50 (1991). Reconstruction is
the crossover point between the two designs (i.e. the year at
which the initial investment in stainless steel is realized). The
maintenance activities, while not negligible, are small com-
pared to the initial construction and reconstruction activities.
6 Sensitivity analysis
Sensitivities are conducted for two variables: the discount rate
and the construction costs. The baseline scenario assumed
used a 0.01 % discount rate and excluded construction costs
from the system boundary. Both of these of these assumptions
are potentially significant with regard to the conclusions that
can be drawn from the LCC.
The results are sensitive to the choice in the discount rate.
In particular, the discounting of the reconstruction cost at year
50 is highly affected given that it occurs far in the future
relative to the initial construction. This is due to the exponen-
tial relationship between years and NPC (as shown in Eq. 1).
Because of this relationship, when the discount rate is 4 % or
higher, reconstruction of the alternative design is decreased to































Fig. 5 Time series comparison using global warming potential
Table 2 Unit costs for life cycle costing analysis
Unit cost (2013$) Unit cost (1941$)
Concrete $100/m3 $6.30/m3
Carbon steel rebar $0.11/kg $0.01/kg
Stainless steel rebar $6.59/kg $0.42/kg
Repair $122/m $7.68/m
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design is not recouped, causing the as-built design to have a
higher NPC than the alternative design (Fig. 7).
The baseline analysis only considers the materials that are
used to construct the pier, whereas the true construction costs
would also include the labour, overhead, profits and other
costs that are part of a standard construction project. The con-
struction costs range from 0 % of the material costs (the base-
line scenario, where construction costs are excluded) to 100 %
of materials costs (assuming that the construction costs are
equal to the material costs). By including construction costs,
the gap between the as-built and alternative design widens due
to the increase in the reconstruction cost for the alternative
design (Fig. 8).
Another relevant sensitivity analysis involves altering both
the construction costs and the discount rate. The pivot point
for the discount rate increases when construction costs are
included. Assuming that construction costs are 100 % of ma-
terial costs, the pivot point occurs roughly at a 5 % discount
rate (as opposed to between 3 and 4 % when construction
costs are excluded).
7 Data quality
Due to the lack of historic LCI data, the implicit assumption of
using current LCI data is that the average improvements in the
environmental burdens of stainless steel and carbon steel—
either due to efficiency gains (see also Dahmus 2014) or legis-
lative requirements of the steel industry—have been generally
comparable over the last 75 years or so. So, while the represen-
tativeness of the LCI data used is most likely poor with regard
to the specific points in time when construction and mainte-
nance occur, it is not expected that this error would materially
affect the comparison between the two designs compared.
Other aspects of data quality such as technological repre-
sentativeness, geographical representativeness, completeness
and reliability are much less affected by this issue so that the
overall data quality is judged to be sufficient to support the
goal and scope of the study.
8 Conclusions
This study analysed two designs of the Progreso Pier for com-
parison: (1) the as-built design using stainless steel rebar, and
(2) the alternative design using carbon steel rebar. The only
difference between the designs is the rebar material.
The choice in rebar material has several practical impacts:
& The service life is significantly shorter for the alternative
design, with more frequent maintenance.
& The unit material cost of stainless steel rebar is higher than
carbon steel rebar, resulting in higher activity costs for
initial construction, maintenance and reconstruction.
& The environmental impacts of stainless steel rebar are
higher than carbon steel rebar, resulting in higher impacts
for initial construction, maintenance and reconstruction.
The LCA demonstrated consistently (and significantly)
lower potential environmental impacts for the as-built design.
Since the concrete accounts for over 93 % of the environmen-
tal impacts, the environmental impact differences between
stainless and carbon steel have only a minor influence on the
initial construction. The marginally higher impact of the as-
built design after initial construction (3 % higher than the


































Fig. 6 Life cycle costing results (0.01 % discount rate)
Fig. 7 Sensitivity of LCC results to the discount rate
Fig. 8 Sensitivity of the LCC results to the construction costs
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the increased service life (and, hence, more infrequent main-
tenance and reconstruction activities). Relative to the as-built
design, the environmental impacts alternative design are be-
tween 69 and 79 % higher over the analysis period. It is con-
cluded that the use of stainless steel rebar in the Progreso Pier
is an environmentally preferable material choice.
The cost implications of using stainless steel rebar show
economic benefits that are complementary to the environmen-
tal benefits. Similar to the LCA, the service life benefits out-
weigh the higher unit costs for stainless steel, assuming a
discount rate of 0.01 %. The alternative design has a net pres-
ent cost that is 44 % higher than the as-built design. The
crossover point for the two designs occurs at year 50, which
corresponds to the reconstruction activity. A sensitivity anal-
ysis shows that the results and conclusions are sensitive to the
choice in discount rate: rates 3 % and lower produce NPCs
that are lower for the as-built design; rates 4 % and higher
produce NPCs that are lower for the alternative design. As
the discount rate is variable over time and differs between
applications, industries and stakeholders, it is recommended
that the results and conclusions from this LCC be communi-
cated along with the selected discount rate.
Overall, the study finds that the use of stainless steel rebar
in the Progreso Pier has significantly influenced the life cycle
economic and environmental impacts of the structure. The use
of carbon steel rebar would have significantly decreased the
service life, causing more frequent maintenance and requiring
reconstruction during the analysis period. This increased ser-
vice life provides environmental benefits over the life cycle
that are much higher than the burdens associated with the use
of stainless steel rather than carbon steel rebar material itself.
The economic benefits are also apparent when the SETAC-
recommended discount rate is used, though the economic case
is less definitive due to the sensitivity in the discount rate.
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